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GENERAL INTRODUCTION

Adenosine 3',5'-phosphate (cyclic AMP) has
been studied as an intracellular regulator in a

wide variety oforganisms, but the most intensive
of these studies have been made in higher ani-
mals and in Escherichia coli and related gram-
negative bacteria. Two paradigms of cyclic AMP
action have arisen from studies of these two
organism groups.

In E. coli, cyclic AMP levels are found to be
depressed by glucose and other carbon sources,
and cyclic AMP activates a variety of glucose-
repressed functions, including catabolism of car-

bon sources. In animal cells, cyclic AMP is found
to control a wide variety of often apparently
unrelated functions, most commonly in a second
messenger role. Attempts have been made to
integrate these two observations by proposing
cyclic AMP as a primitive signal for carbon

starvation (65, 134), but the validity of this ap-
proach is uncertain.
These two paradigms of cyclic AMP action

have dominated work on fungi, and studies of
cyclic AMP function in fungi have concentrated
on functions repressed by glucose as well as on
diverse developmental and other specific re-
sponses reported to be influenced by cyclic AMP
in higher animals. One important question facing
researchers working with fungi is whether either
of these two views of cyclic AMP function is
appropriate to fungi or whether a different par-
adigm of cyclic AMP action should be developed
for fungi and possibly for other lower eucaryotes.
Evidence has been obtained which links cyclic

AMP to control of a variety of functions in fungi,
including utilization of endogenous and exoge-
nous carbon sources, conidiation (in Neurospora
crassa), dimorphism in several fungi, the sexual
process, and phototropism (in Phycomyces).
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In this review of cyclic AMP in filamentous
fungi and yeasts, I discuss the major progress
that has been made in studies of the enzymes of
cyclic AMP metabolism, the drugs and mutants
influencing the cyclic AMP control system in
fngi, and the many proposed but as yet un-
proven cyclic AMP functions in this group of
organisms. A number of important lessons de-
rived from studies of cyclic AMP in higher ani-
mals and in fungi may help in future studies of
fungi; six criteria for cyclic AMP control are
proposed to aid studies of function in fungi.

ADENYLATE CYCLASE
Adenylate cyclase (adenosine 5'-triphosphate

[ATP] pyrophosphate lyase [cyclizing]; EC
4.6.1.1), the enzyme that synthesizes cyclicAMP
from ATP-Me+2, is thought to be the most im-
portant control point of cyclic AMP level in
most organisms. It is controlled by various hor-
mones in animal cells and by the sugar-phospho-
transferase system in certain bacteria. It there-
fore seems likely that an understanding of the
properties of fungal adenylate cyclase will be
critical to the determination of the mode of
regulation of endogenous cyclic AMP levels in
fungi.

Extensive studies of adenylate cyclase in Neu-
rospora crassa have been reported by Flawia
and Torres (34-39) and by &ott (114); in Sac-
charomyces cerevisiae by Londesborough and
co-workers (76, 78, 159, 160); in Blastocladiella
emersonii by Gomes and co-workers (52, 53); in
Mucor rouxii by Passeron and co-workers (86,
96); and in Phycomyces blakesleeanus by Cohen
and co-workers (19). There are brief descriptions
of the occurrence ofenzyme activity in Coprinus
macrorhizus (147), Saccharomyces fragilis
(125), and Aspergillus nidulans (173).

Properties of Some Manganese-Dependent
Enzymes

The Neurospora and S. cerevisiae enzymes
are quite similar: both have a requirement for
ATP-Mn+2, a pH optimum of 5.5 to 6.0, and a
Km for ATP-Mn+2 of 0.5 to 1.5 mM, depending
on conditions (34, 78). Neither enzyme is stim-
ulated by fluoride or guanosine 5'-triphosphate,
but both are stimulated by excess Mn+. The
Blastocladiella enzyme shares all of these prop-
erties with the Neurospora and Saccharomyces
enzymes except that its pH optimum is about 9
(52, 53). Adenylate cyclase of M. rouxii is also
quite similar to these other fungal enzymes. It is
dependent on ATP-Mn+2 and is not stimulated
by guanosine 5'-triphosphate or fluoride (11, 96).
The fungal enzymes are thought to be mem-

brane bound. The bulk of the activity is sedi-
mentable and can be easily solubilized by deter-
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gents which solubilize membrane proteins, such
as Lubrol PX or Triton X-100 (11, 34, 53, 159).
In Neurospora, the properties of adenylate cy-
clase are influenced by the fatty acid composi-
tion of the membranes (114). Although the en-
zyme appears to be membrane bound, it can be
solubilized considerably more easily than can
the enzyme of animal cells (78, 114, 159).
The enzymes ofthe four fungi discussed above

are manganese dependent, showing little or no
activity with ATP-Mg"2 as the substrate (34, 35,
53, 96, 159, 160). Consequently, those enzymes
differ substantially from a magnesium-depend-
ent adenylate cyclase from Phycomyces sporan-
giophores (19) which is described below.

Certain other properties ofthe fungal enzymes
have been described, including temperature de-
pendence (76, 160), an apparent arginine residue
at the active site of the Saccharomyces enzyme,
and sigmoidal kinetics in the absence of excess
Mn"2 in the Neurospora enzyme (35).

Hormonal Effects
Hormones are thought to be the main physi-

ological effectors of animal adenylate cyclase;
possible hormonal effects on the fungal enzymes
have therefore been studied. Most hormones
have little or no influence on any given fungal
adenylate cyclase (19, 34, 53, 74). However, sev-
eral hormones are reported to influence individ-
ual fimgal adenylate cyclases. Glucagon and in-
sulin have been reported to stimulate and in-
hibit, respectively, the adenylate cyclase activity
of N. crassa (37-39) but not of Saccharomyces
(74). Dopamine and epinephrine are reported to
stimulate the adenylate cyclase of Phycomyces
(19) but not of N. crassa (34) or B. emersonii
(53). It is not known whether these hormones
can influence cyclic AMP levels in vivo, and the
physiological role of this type of hormone stim-
ulation, if any, is undetermined.

Recently Liao and Thorner (74) reported that
both purified and synthetic S. cerevisiae alpha
mating factor inhibits Saccharomyces adenylate
cyclase activity. They suggest that a decrease in
cyclic AMP levels may be involved in part of the
action of this pheromone.

Magnesium-Dependent Adenylate Cyclase
Recently, Cohen and co-workers (19) de-

scribed an adenylate cyclase from Phycomyces
blakesleeanus which uses ATP-Mg+2 as the sub-
strate and is inhibited by Mn'2. The activity is
sedimentable and is stimulated by low levels of
guanosine 5'-triphosphate. It is also stimulated
by adenosine 5'-diphosphate, AMP, and blue
light.
One question which must be raised is whether

the fungal manganese-dependent activities are
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an in vitro artifact. The animal enzyme has both
a catalytic component and a guanine nucleotide-
binding regulatory (G/F) component (for review,
see reference 108). The G/F component is re-
quired in vitro for substantial magnesium-de-
pendent activity, stimulation by guanine nucleo-
tides or fluoride, and stimulation by hormones
binding to hormone receptors. The animal cat-
alytic component resembles most of the fungal
enzymes (except the Phycomyces enzyme) in
requiring manganese for high activity and not
being stimulated by guanosine 5'-triphosphate
or fluoride. It is clear that in living animal cells,
the active enzyme requires both catalytic and
G/F components because the cells do not re-
spond to hormones with cyclic AMP increases.
Mutants of cultured cells deficient in the G/F
component are deficient in cyclic AMP (108).
The fungal manganese-dependent enzymes
therefore behave like the animal enzyme in
which the G/F subunit has been lost or inacti-
vated.

Recently, we found conditions in which Neu-
rospora extracts show substantial magnesium-
dependent, guanine nucleotide-stimulated, ade-
nylate cyclase activity (G. Rosenberg and M. L.
Pall, unpublished data). The magnesium-de-
pendent activity has the same pH optimum as
the manganese-dependent activity, and no activ-
ity is found in extracts of the cr-i, cyclic AMP-
deficient mutant. We suggest that this magne-
sium-dependent activity represents the regu-
lated form of the Neurospora enzyme.

Intracellular Distribution
As indicated above, adenylate cyclase in fungi

appears to be a membrane-bound enzyme, al-
though at least under some conditions, it is
relatively easily solubilized. In animal cells and
E. coli, most of the activity appears to be plasma
membrane bound, and most investigators work-
ing with fungi have suggested a similar location
in fungi, although Wheeler et al. (166) have
reported that other membranes may have the
bulk of the activity. The only studies which
specifically implicate plasma membranes in
fungi are those of Liao and Thorner (74), who
studied adenylate cyclase activity in purified
plasma membranes of S. cerevisiae using con-
canavalin A for such purification.
Using a different approach, Tu and Malhotra

(139) histochemically stained for adenylate cy-
clase in electron microscopic studies of P. blak-
esleeanus. They found activity associated with
plasma and outer mitochondrial and nuclear
membranes. Cohen (15) also reported histo-
chemical evidence of adenylate cyclase activity
in the plasma membrane, mitochondria, and cy-
tosol of Phycomyces. It should be noted that the

methods involved in such histochemical studies
have been criticized as being susceptible to ar-
tifacts (69, 72).

PHOSPHODIESTERASE
Cyclic AMP is removed from the intracellular

pool by the action of phosphodiesterases and
possibly also by efflux from the cell. The prop-
erties of various fungal phosphodiesterases are
summarized in Table 1. Typically, they appear
to require divalent cation, as indicated by their
being stimulated by Mg+2 and Mn+2 and in-
hibited by chelators such as ethylenediamine-
tetraacetic acid. Many of the fungal enzymes are
easily sedimentable, suggesting that they are
membrane bound.

In many animal tissues, methylxanthines such
as theophylline, caffeine, and 1-methyl-3-isobu-
tylxanthine act as phosphodiesterase inhibitors
and are used as drugs to raise endogenous cyclic
AMP levels. In fungi, these agents are not very
effective inhibitors ofphosphodiesterase activity
(Table 1). With the Candida, Mucor, and Phy-
comyces enzymes, little or no inhibition is seen.
With most of the other fungal enzymes, high
concentrations (ca. 10 mM) are required to ob-
tain substantial inhibition. The difficulties of
using these agents to raise endogenous cyclic
AMP levels in fungi are discussed further in
Phosphodiesterase Inhibitors.
Many animal cells are found to have two cyclic

AMP phosphodiesterases (3, 165). They are a
low-Km enzyme (Km, typically ca. 1 uM) and a
high-Km enzyme (Ki, typically 20 to 100 uM)
(3). Based on the rates of hydrolysis at physio-
logical concentrations of cyclic AMP (often 1
M or less) it is thought that the low Km enzyme

plays the major role in cyclic AMP hydrolysis
(3, 32). Several species of fungi have been re-
ported to have low Km and high Km enzymes,
notably Candida albicans, N. crassa, P. blak-
esleeanus, and S. cerevisiae (Table 1). It seems
likely, for reasons similar to those pertaining to
animal systems, that the low-Km enzymes play
the major role in fungal cyclic AMP hydrolysis.
The Neurospora and S. carlsbergensis high-Km
enzymes are inhibited by physiological concen-
trations of other adenine nucleotides, such as
ATP, and a high-Km phosphodiesterase from
Aspergillus nidulans was found, by using di-
verse substrates (100), to also have phospho-
monoesterase activity.

Several interesting observations have been
made about certain fungal cyclic AMP phospho-
diesterases, such as the induction during sporu-
lation in B. emersonii (27) and the in vitro
stimulation of the Phycomyces enzyme by blue
light (18). The M. rouxii enzyme is reported to
be stimulated by an ATP-Mg+2 and cyclic AMP-
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TABLE 1. Fungal cyclic AMP phosphodiesterases
Inhibition

Cyclic pH opti- Inhibition by Stimulation by by non-
Organism Reference AMP KM m m d. ti, cyclic ad- Other features(,) mum methyl-xanthines divalent cations nn u(pLM) enmne nu-

cleotides

A. niger 173 2,500 7.5 NIDa Yes; Mg+2 ND Intracellular
18 3.5 ND ND ND Extracellular

4.2 ND Yes; 10 mM Yes Mg+2,
theophylline Mn+2

4.2 ND ND

250 7.5 No

C. macrorhizus 147 ND 8.5 Yes;
theophylline,
caffeine

M. rouxii

N. crassa

P. blakesleeanus

S. carlsbergensis

45, 96

115

17, 18

1 ND No

4.8 ND ND
57 ND Yes

theophylline,
caffeine

3 ND Slight

12.5 ND ND

122 220 8.5 ND

ND

c+2Yes; Mg+2,
Ca+2

Yes mg+2,
Mn 2, Ca+2

Yes; Mn 2,
Mg+2

ND
Inhibited by
EDTAb

ND Induced during
sporulation

ND No apparent
cooperativity

ND No apparent
cooperativity

Yes

No Apparent
stimulation by
cyclic AMP-
dependent
phosphorylation

No Cooperative
Yes Partially

sedimentable and
cooperative

Yes; Mg+2 ND Stimulation by blue
light

ND ND Stimulation by blue
light

Yes; Mn+2 Yes No apparent
cooperativity

S. cerevisiae 43, 73, 77 0.12 ND Yes;
theophylline,
caffeine

100-250 ND ND
a ND, Not determined.
b EDTA, Ethylenediaminetetraacetic acid.

hInhibited by
EDTAb

No

ND Probably membrane
bound

ND Contains Zn+2

dependent process, presumably cyclic AMP-de-
pendent phosphorylation (45). Such control by
phosphorylation may turn out to be an impor-
tant aspect of the control of endogenous cyclic
AMP levels in fungi.

ADENOSINE 3',5'-PHOSPHATE
(CYCLIC AMP)-DEPENDENT PROTEIN
KINASE AND CYCLIC AMP-BINDING

PROTEINS

Protein Kinase Properties
In animal cells, the major and possibly sole

receptors for cyclic AMP are cyclic AMP-de-
pendent protein kinases (13, 48, 55). In contrast,
in bacteria such as E. coli, the major and per-

haps sole receptor for cyclic AMP is a cyclic

AMP-binding protein devoid of protein kinase

activity which acts directly to regulate genetic
transcription (95, 103). One important area of
research in fngi, consequently, has been to de-
termine if fungal cyclic AMP receptors resemble
either or both of the receptors of these other
organisms. It is now clear that diverse fungal
species possess cyclic AMP-dependent protein
kinases with many properties quite similar to
those of animal cells.

Studies have been reported on cyclic AMP-
dependent protein kinases from S. cerevisiae
(61, 127, 128), N. crassa (66, 101; J. M. Trevillyan
and M. L. Pall, unpublished data), B. emersonii
(68, 117), M. rouxii (86, 87) and C. macrorhizus
(148). All fungal enzymes show increases in ac-
tivities of 2- to 10-fold in the presence of low
levels of cyclic AMP.

In all the studies, cyclic AMP-dependent pro-
tein kinase activity was found in the soluble

B. emersonii 27, 154

C. albicans 56
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fraction of the extract. In Mucor (87) and Blas-
tocladiella (68) preparations, little or no activity
was found in low- or high-speed pellet fractions.
Interesting observations have been made which
suggest that a large fraction of the endogenous
cyclic AMP in B. emersonii may be bound to
the cyclic AMP-dependent protein kinase and
that such bound cyclic AMP is resistant to phos-
phodiesterase degradation (117).
Assays of cyclic AMP-dependent protein ki-

nase, of course, require the presence of a suitable
protein substrate. Histones have been widely
used as the substrate and probably histone H2B
(also known as f2b) is the substrate of choice for
the fungal enzyme (68, 101). Other good sub-
strates include protamine (101, 117) and histone
H2A (66). Casein and phosvitin are not useful
substrates for fungal cyclic AMP-dependent pro-
tein kinase activity because they are poor sub-
strates for this enzyme and because there are
other cyclic nucleotide-independent kinases
which are active in phosphorylating these sub-
strates (51, 68, 87, 101, 128).
The Blastocladiella and Neurospora en-

zymes are inhibited by the mammalian protein
kinase inhibitor (68, 101). Neurospora extracts
are reported to have a protein kinase inhibitor
which may be similar to the mammalian inhibi-
tor (66).

It is useful to compare the properties of the
fungal enzymes with those of the animal cyclic
AMP-dependent protein kinases. Each molecule
of the animal protein kinases is made up of two
regulatory and two catalytic subunits (R2C2).
The binding of cyclic AMP to the regulatory
subunits activates the catalytic subunit. The
activation is usually accompanied by dissocia-
tion as follows: R2C2 -. R2 + 2C. The animal
enzymes are found as two isozymes in most
tissues designated type I and type II, differing in
their regulatory but not in their catalytic sub-
units. The estimated molecular weights of the
type I and type II regulatory subunits are 47,000
to 48,000 and 54,000 to 55,000, respectively.
To date, studies of the fungal cyclic AMP-

dependent protein kinases have revealed only
one enzyme in each species. Thus, the evolution
of the two isozymes may postdate the evolution-
ary divergence of fungi and animals.
The sedimentation properties of the Mucor

enzyme have been studied (86), and the sedi-
mentation coefficient of the holoenzyme and
apparent free catalytic and regulatory compo-
nents are quite similar to those of their animal
counterparts. Thus, the size of the fungal en-
zymes and its components are probably similar
to those of the animal enzymes and their com-
ponents. The Mucor enzyme differs, however, in
being more resistant to dissociation ofregulatory

from catalytic components in the presence of
cyclic AMP (86).

Several size measurements have been made of
fungal regulatory (cyclic AMP-binding) sub-
units. These have been done either with purified
subunit (61) or by analyzing the cyclic AMP-
binding components of crude or partially puri-
fied enzyme using their binding activity. In some
binding studies, the photoaffinity label, P-8-
azido cyclic AMP (57) was used to label the
cyclic AMP-binding subunit (24, 41, 62, 90, 91;
Trevillyan and Pall, unpublished data). Size
studies of animal regulatory subunits have
shown evidence of partial proteolysis, with some
subunit fragments retaining both cyclic AMP
binding activity and the ability to regulate the
catalytic subunit (21, 164).

It seems clear that the fungal studies have
also shown evidence of rapid partial proteolysis.
Thus, in early studies of the yeast cyclic AMP-
binding component, its molecular weight was
estimated to be 14,000 to 28,000 (124, 128). More
recent studies have indicated a molecular weight
of 50,000 to 54,000, with smaller degradation
products being observed in variable amounts
when special care was not exercised to avoid
proteolysis (24, 61). The Neurospora cyclic
AMP-binding subunit has an estimated molec-
ular weight of 48,000 (Trevillyan and Pall, un-
published data). It appears, consequently, that
yeast, Neurospora, and mammalian regulatory
subunits all have molecular weights of approxi-
mately 50,000.
Jaynes et al. (62) have recently reported the

existence of plasma membrane-associated cyclic
AMP binding proteins in yeasts which may differ
from the soluble proteins described above. They
found species of several molecular weights, the
largest being about 58,000. A multiplicity of
cyclic AMP-binding proteins were reported to
occur in Mucor extracts (41, 90, 91). Two of the
most intense bands had estimated molecular
weights of 51,000 and 58,000. It is not clear from
either the Mucor or yeast plasma membrane
studies whether proteolysis occurs in the ex-
tracts, but incubation of Mucor spores in the
presence of cycloheximide led to the disappear-
ance of higher-molecular-weight binding pro-
teins and the accumulation of lower-molecular-
weight binding proteins (90), suggesting that in
vivo, partial proteolysis may occur in Mucor spp.

In essentially all of the above cited studies on
cyclic AMP binding and on the cyclic AMP-
dependent protein kinase of fungi, the binding
of labeled cyclic AMP or 8-azido cyclic AMP
was tested for possible inhibition by other nu-
cleotides. Whereas other cyclic nucleotides show
presumably competitive inhibition of binding of
labeled material, noncyclic nucleotides or nu-
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cleosides show essentially no inhibition. The
results show that the cyclic AMP-binding activ-
ity associated with these protein kinases is spe-
cific for cyclic nucleotides, and of the cyclic
nucleotides, cyclic AMP itself has the highest
apparent affinity.

Similarities of Fungal and Animal Cyclic
AMP-dependent Protein Kinases

There are some striking similarities between
animal and fungal cyclic AMP-dependent pro-
tein kinases which suggest strong evolutionary
conservation of the properties of these enzymes.
These imilarities include the following.

(i) Protein substrate specificity. The fun-
gal enzyme resembles that of the mammalian in
having very high affinity for histone H2B (68,
101). When mixed histones are used as a sub-
strate, the pattern of peptides phosphorylated
by yeasts and animal enzymes are similar but
not identical (127). The yeast enzyme also re-
sembles the animal enzyme in being able to
activate mammalian glycogen phosphorylase
and to inhibit mammalian glycogen synthetase,
presumably by phosphorylation of identical sites
on these protein substrates (127).

(ii) Contact sites of regulatory and cata-
lytic subunits. Mixtures of yeast regulatory
subunits and animal catalytic subunits and ap-
parently also of yeast catalytic and animal reg-
ulatory subunits show good cyclic AMP depend-
ence (61, 128). These results strongly suggest
that the contact points ofthe subunits have been
highly conserved so that cyclicAMP stimulation
occurs in such hybrid molecules.

(iii) Molecular weight of regulatory sub-
units. As indicated above, the molecular
weights of the regulatory subunits all appear to
be close to 50,000.

(iv) Dimer formation of regulatory sub-
units. Both the yeast and Mucor regulatory
subunits appear to resemble the animal subunits
in forming dimers (61, 86). It also seems likely
but not certain that the Mucor holoenzyme has
the form of R2C2 (86).

(v) Inhibition of catalytic activity by
mammalian protein kinase inhibitor. Inhi-
bition of catalytic activity has been reported for
Blastocladiella and Neurospora (68, 101).

(vi) Displacement of bound cyclic AMP
by hemin. Displacement of bound cyclic AMP
by hemin, earlier reported for animal protein
kinases, has also been found with the yeast
regulatory subunit (61).

It is fascinating to this reviewer that, despite
the proposed diversity of functions for cyclic
AMP, the presumed receptor for it appears to
have been so highly conserved.

Other Cyclic AMP-Binding Proteins
There are a number of reports of cyclic AMP-

binding proteins which have not shown the pro-
teins to be cyclic AMP-dependent protein ki-
nases (41, 62, 90, 91, 124). It seems quite likely
that some of this binding activity may be due to
kinase regulatory subunits or to their degrada-
tion products. There are, however, examples of
other proteins in fungi which have cyclic AMP-
binding activity. Two enzymes with such binding
are involved in glycolysis.

Glyceraldehyde 3-phosphate dehydrogenase
of a yeast (S. cerevisiae) appears to have a low-
affinity binding site for cyclic AMP, which when
occupied, leads to inhibition of enzyme activity
(8, 83, 105, 174). The estimated Ki is about 100
to 200 AM, which is much higher than the typical
intracellular cyclic AMP levels in fungi (typi-
cally <1 ,uM). Consequently, it is not clear
whether such inhibition has any physiological
significance. However, the influence of high
levels of cyclic AMP on reduced nicotinamide
adenine dinucleotide oscillations in extracts of
Saccharomyces spp. (hla) may be explainable
by this inhibition.

Recently, Brownlee and co-workers (8,9) have
measured binding of cyclic AMP to a higher-
affinity binding site of glyceraldehyde 3-phos-
phate dehydrogenase of yeast (Ka, 1.3 to 10 ,uM,
depending on conditions). The binding of cyclic
AMP in this concentration range has no appar-
ent effect on enzyme activity but is competi-
tively inhibited by higher concentrations of nic-
otinamide adenine dinucleotide, AMP, adeno-
sine 5'diphosphate, or ATP. It is suggested that
the biological significance of this binding may be
in the possible binding of large fractions of cyclic
AMP in the intracellular pool by the glyceral-
dehyde 3-phosphate dehydrogenase. Some 10 to
20% of the soluble protein of the cell is glycer-
aldehyde 3-phosphate dehydrogenase, so the
molar concentration of this enzyme in the cell is
two orders of magnitude higher than that of
cycic AMP in a typical fungal cell. One possi-
bility which is intriguing to the reviewer is that
changes in the redox state of the cytoplasmic
nicotinamide adenine dinucleotide-reduced nic-
otinamide adenine dinucleotide pool could
change the amount of cyclic AMP bound
through changes in the concentration of com-
peting nicotinamide adenine dinucleotide. A cel-
lular shift toward oxidizing conditions would
increase the nicotinamide adenine dinucleotide
concentration which, according to this hypoth-
esis, would displace cyclic AMP from the en-
zyme, thus leading to a transient increase in
available, thermodynamically active cyclic
AMP. Such an increase would occur in the ab-
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sence of an increase in total intracellular cyclic
AMP. An additional consequence of such bind-
ing to glyceraldehyde 3-phosphate dehydroge-
nase is that, assuming that bound cyclic AMP is
resistant to phosphodiesterase degradation,
growth conditions which substantially alter the
level of glyceraldehyde 3-phosphate dehydroge-
nase will substantially alter the total measured
cyclic AMP pool even in the absence of changes
in free cyclic AMP or changes in cyclic AMP
synthesis or degradation.
Another glycolytic enzyme influenced by

cyclic AMP is phosphofructokinase ofM. rouxii
(97), which was reported to be inhibited by cyclic
AMP (K5, 0.3 mM). Because of the high concen-
tration of cyclic AMP required in vitro, it is
difficult to evaluate the physiological signifi-
cances of this inhibition, but, as pointed out by
the investigators, cyclic AMP may not be ho-
mogeneously distributed in the cells, and the K5
in vivo may differ from that measured in vitro.

Finally, it was recently reported that cyclic
AMP inhibited the plasma membrane ATPase
of Dendryphiella salina (44) at very high con-
centrations (1 to 50 mM).

METHODS OF MANIPULATING CYCLIC
AMP-DEPENDENT RESPONSES

In animal systems, much of the evidence for
cyclic AMP involvement in the control of var-
ious processes is based on the use of diverse
methods to manipulate cyclicAMP levels. These
methods have included the use ofhormones and
agents like cholera toxin to stimulate adenylate
cyclase activity; the use of phosphodiesterase
inhibitors such as the methylxanthines, theo-
phylline, caffeine, or 1-methyl-3-isobutylxan-
thine; the use of cyclic AMP analogs such as
dibutyryl cyclic AMP; and more recently, the
use of adenylate cyclase-deficient cell culture
mutants.

Similar approaches have been used in certain
experiments with fungi. In some cases, the drugs
or mutants used should be more critically ana-
lyzed.

Mutants with Decreased or Increased
Cyclic AMP Levels

The most clear-cut of the fungal mutants are
the cr-i (crisp) mutants of N. crassa, which
were first shown by Terenzi et al. (132) to have
little or no adenylate cyclase activity. Several
mutant alleles of the cr-i gene have been stud-
ied, and all of these show little or no adenylate
cyclase activity and little or no cyclic AMP (33,
93, 107, 131, 132). The cr-i mutants were origi-
nally isolated as morphological mutants char-
acterized by colonial growth, little or no forma-
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tion of aerial hyphae, and early, even conidiation
over the surface of the colony. All three of these
characteristic features are phenotypically cor-
rected by growth of the mutant in the presence
of exogenous cyclic AMP (107, 131). The mor-
phological aberrations are also partially reversed
by the occurrence of frequent modifier muta-
tions which occur in cr-i stocks (46, 133).
A second adenylate cyclase-deficient mutant

of Neurospora is the frost mutant. This mor-
phological mutant has lower, aberrant adenylate
cyclase activity (114) and lower levels of cyclic
AMP (93,114). The adenylate cyclase deficiency
is proposed to be an indirect consequence of a
lesion in a structural gene for glucose-6-phos-
phate dehydrogenase (114).

In Schizophyllum commune, a mutant desig-
nated bse has elevated levels of cyclic AMP
(112). The mutant has a characteristic aberrant
morphology of its fruiting bodies which is also
produced in the wild type by exogenous cyclic
AMP (111, 112). The results suggest that the
elevated cyclic AMP levels in the bse mutant
are responsible for the aberrant fruiting body
morphology.

In C. macrorhizus, variants have been isolated
from wild-type strains which differ in their sex-
ual fruiting properties and their reported levels
of cyclic AMP (145-147). The strain differences
appear to be multigenic (145). Strains constitu-
tive or inducible for monocaryotic fruiting (fisC
or fis') were found to have higher levels of cyclic
AMP than noninducible (fis-) strains (146, 152).
Two mutants of P. blakesleeanus have been

briefly described which appear to be changed in
cyclic AMP responses. The mad strain is defi-
cient in a transient depression in cyclic AMP
levels produced in the wild type by blue light
(16). A second mutant, designated C2, was stim-
ulated in its growth rate on certain carbon
sources by exogenous cyclic AMP (161).

It should be noted that in no case is there
clear evidence that any of these fungal mutants
are structural mutants in some specific enzyme
involved in cyclic AMP metabolism. Conse-
quently, one cannot assume that aberrations of
the mutants necessarily reflect aberrations in
the cyclic AMP control system. However, the
evidence available to date is consistent with the
cr-i mutants being structural mutants in ade-
nylate cyclase.

Phosphodiesterase Inhibitors
Methylxanthines, the most commonly used

phosphodiesterase inhibitors in animal systems,
are relatively inefficient inhibitors ofmost fungal
phosphodiesterases (see Phosphodiesterase). In
many cases, very high concentrations (5 to 10
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mM) are required to obtain even partial inhibi-
tion. High concentrations of such compounds
may, of course, affect enzymes other than phos-
phodiesterases. In fungi, theophylline inhibits
adenylate cyclase activity of Neurospora (116)
and stimulates the cyclic AMP-dependent pro-
tein kinase of M. rouxii (87). It should not be
surprising that methylxanthines such as theo-
phylline influence enzymes other than phospho-
diesterases. These compounds are, after all, pu-
rine bases and consequently may bind to binding
sites for purine bases, nucleosides, or nucleo-
tides.
Assumptions that methylxanthine effects are

due to phosphodiesterase inhibition can lead to
unwarranted suggestions of important cyclic
AMP roles. For example, theophylline, caffeine,
or both were reported to influence two oscilla-
tory systems in Neurospora, a membrane poten-
tial oscillation (54) and the circadian rhythm in
Neurospora (29) leading to the suggestion that
cyclic AMP is involved in both oscillatory sys-
tems. However, subsequent studies revealed that
both oscillations are normal in the cr-1, cyclic
AMP-deficient mutant, showing that cyclic
AMP has no required role in either process (30,
93).
Some in vivo studies have shown apparent

effects of theophylline on cyclic AMP stability.
Thus, theophylline is reported to increase cyclic
AMP levels in solid-grown (but not liquid-
grown) cultures of Neurospora (116) and to po-
tentiate effects ofexogenous cyclic AMP in Neu-
rospora (107) and Aspergillus (171).
High levels of theophylline are not required

for effective inhibition of phosphodiesterase in
C. macrorhizus, for which 2 yM theophylline or
caffeine are reported to give 100% inhibition of
phosphodiesterase activity (147).

Exogenous Cyclic AMP and Its Analogs
Exogenous cyclic AMP has been used to try

to trigger cyclic AMP-mediated responses in a
wide variety of fungi (6, 12, 28, 31, 42, 71, 79, 102,
107, 111, 121, 131, 133, 136, 140, 146, 156, 167,
171). Typically, concentrations of 1 to 5 mM
have been used, although concentrations an or-
der ofmagnitude higher or lower have been used
in some experiments. Similar concentrations of
exogenous cyclic AMP are required for cyclic
AMP-mediated effects in E. coli (for review, see
references 95 and 103). Presumably, such high
concentrations of exogenous cyclic AMP (on the
order of 10W times the normal endogenous levels
found in fungi) are required because of the low
permeability of the cell to cyclic AMP and the
rapid turnover of cyclic AMP in these cells.

In studies of exogenous cyclic AMP, it is im-

portant to demonstrate that any response is
specific for cyclic AMP and is not produced by
noncyclic adenine nucleotides, adenosine, or ad-
enine. In some studies with fungi, such controls
were not reported, and in others specificity was
not found.

It may be questioned whether a hydrophilic,
negatively charged compound like cyclic AMP
enters fungal cells at all. However, experiments
with the cr-i adenylate cyclase-deficient mu-
tants of Neurospora strongly suggest that it
does. The characteristic morphological defects
of the mutant are largely corrected by exogenous
cyclic AMP (33, 107, 131). It is difficult to inter-
pret these results except by inferring that the
exogenous cyclic AMP can enter the cell and
bind to any cyclic AMP receptor, thus producing
a response similar to the endogenous cyclicAMP
normally present in the wild type. A similar
inference can be drawn from the finding that
exogenous cyclic AMP applied to wild type S.
commune produces a phenocopy of the bse mu-
tant which has elevated cyclic AMP levels (111,
112).
Although fungi generally require millimolar

concentrations of exogenous cyclic AMP to pro-
duce a physiological response, one organism has
been reported to respond to much lower concen-
trations. This organism is C. macrorhizus, in
which 0.2 nM exogenous cyclic AMP induces
sexual fruiting in a suitable strain of the organ-
isn (145). The exquisite sensitivity of this organ-
ism, about 106 times greater than that found in
other organisms, suggests to this reviewer that
an extracellular receptor must be involved.
The most commonly used cyclic AMP analog

in animal systems is N6,Or-dibutyryl cyclic
AMP. In several ascomycetous fungi, dibutyryl
cyclic AMP has been used and found to be less
active or no more active than cyclic AMP itself.
These fungi include N. crassa (31, 107, 131), S.
cerevisiae (28, 136), Schizosaccharomyces
pombe (42), and Aspergillus niger (171). Thus,
in ascomycetous fungi at least, dibutyryl cyclic
AMP is not the analog of choice. It has been
suggested that dibutyryl cyclicAMP is relatively
inactive in these fungi, because it is not effi-
ciently converted into N6-monobutyryl cyclic
AMP, which is the active analog in mammalian
cells (107).
One fungus in which dibutyryl cyclic AMP is

active is Mucor spp., in which dibutyryl cyclic
AMP produces morphological changes similar
to yeastlike growth (63, 70, 96, 98).
Because the Neurospora cr-i mutant re-

sponds specifically to exogenous cyclic AMP,
this response has been used to screen for effec-
tive cyclic AMP analogs in that system (107).
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The two effective analogs found, N6-monobu-
tyryl cyclic AMP and 8-bromocycic AMP,
should be investigated in other fungi.

MEASUREMENTS OF ENDOGENOUS
CYCLIC AMP LEVELS: ARE TERE
SPECIFIC CELLULAR PARAMETERS
WHICH CONTROL CYCLIC AMP

LEVELS?
Measurements of endogenous cyclic AMP

levels in fungi are susceptible to two difficulties.
Compounds other then cyclic AMP may have
activity in the two most commonly used assays
(10, 47, 59, 123), as has been reported in two
studies of Neurospora (93, 131). In addition,
rapid changes of cyclic AMP levels have been
reported in many fungal species (15, 16, 92, 93,
135, 152, 155) and consequently, changes of
cyclic AMP levels may occur during collection
and extraction of the cultures to be studied.

Studies of exogenous cyclic AMP levels are
discussed in Methods of Manipulating Cyclic
AMP-Dependent Responses and in Proposed
Functions for Cyclic AMP; consequently, this
section concentrates on the issue raised in its
title. The control of cyclic AMP levels in animal
cells by hormones and neurotransmitters and by
sugars in E. coli was a crucial element in our
understanding of cyclic AMP function in those
systems. By analogy, it can be argued that it is
of great importance to determine what cellular
parameter(s) controls cyclicAMP levels in fungi.
The most extensive studies of this type have

looked for possible lowering of cyclicAMP levels
by the presence ofsugars or other carbon sources
in the medium, or conversely, the raising of
levels by carbon starvation.
The most dramatic negative correlation be-

tween carbon source availability and measured
endogenous cyclic AMP levels was reported in
studies of S. pombe (110). However, in another
study of the same species, the carbon source
glucose was not found to depress cyclic AMP
levels (42). In two species of Saccharomyces,
glucose lowered cyclic AMP levels (125, 158),
but in Mucor, Neurospora, and Aspergillus, lit-
tle correlation was found between available ex-
ogenous carbon sources and measured cyclic
AMP levels (92, 96, 176). It appears, conse-
quently, that no general case can be made for
lowering of cyclic AMP levels in fungi by glucose
or other carbon sources.

Studies in my laboratory have shown a cor-
relation between the electrical potential across
the plamna membrane of Neurospora (and pos-
sibly other fungi) and cyclic AMP levels, with
depolarizing treatments yielding cyclic AMP in-
creases (92, 93, 135). Recently, a depolarizing

treatment has been found (osmotic shock) which
fails to produce a cyclic AMP increase (unpub-
lished data). Consequently, the potential change
may not be the direct cause of the cyclic AMP
changes. What is clear from these studies is that
cyclic AMP levels in fungi can change very rap-
idly, with a half-life of considerably less than a
minute (my best estimate in Neurospora at 25°C
would be ca. 15 s).

In one study, amino acid starvation produced
a small increase in cyclic AMP levels (23).

PROPOSED FUNCTIONS FOR CYCLIC
AMP

Criteria for Control by Cyclic AMP in
Fungi

No single experimental approach is sufficient
to infer cyclic AMP-mediated control of a spe-
cific response. Four criteria were proposed as
tests of possible cyclic AMP involvement as a
second messenger in hormonal action (reference
104, chapter 2). For fungi, if anything, such
criteria should be more stringent than in hor-
monal control systems, because the possible
roles of cyclic AMP in fungi are not necessarily
constrained to second messenger functions.

Six criteria for cyclic AMP control of a specific
function may be proposed: (i) correlation of en-
dogenous cyclicAMP levels with proposed cyclic
AMP-controlled function; (ii) correlation of the
function with activation of presumptive cyclic
AMP receptors (e.g., activation of cyclic AMP-
dependent protein kinases); (iii) influence on
that function by exogenous cyclic AMP or its
analogs-this influence should be specific and
not shared by noncyclic adenine nucleotides or
adenosine; (iv) influence on that function by
drugs which affect adenylate cyclase activity or
phosphodiesterase activity and have been shown
to produce changes in endogenous cyclic AMP
levels; (v) changes of the function in mutants
with increased or decreased cyclic AMP levels;
and (vi) cyclic AMP control of the function in a
cell-free, in vitro system.
Of these criteria, all are currently feasible in

suitable fungal systems, and all except the sec-
ond have been examined in some cases. How-
ever, only biochemically well-defined responses
can be tested in any cell-free system; thus, it is
not currently possible, for example, to look at
developmental effects in vitro. Furthermore, in
only a few fungal species have cyclic AMP mu-
tants been isolated.
The activation of cyclic AMP-dependent pro-

tein kinases envisioned in the second criterion
can probably be studied by the experimental
approaches used in animal systems. These ap-
proaches entail measuring the titration of the
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protein kinase regulatory subunit by endogenous
cyclic AMP (25), determining protein kinase ac-

tivation ratios (20, 94), or measuring apparent
cyclic AMP-dependent phosphorylation in vivo.

Clearly, if all six criteria provide support for
cyclic AMP stimulation or inhibition of a re-
sponse, no one would hesitate to conclude that
cyclic AMP has a regulatory role. If only four of
the six criteria were clearly fulfilled, I propose
that an inferred cyclic AMP role would probably
be warranted.

In studies of possible cyclic AMP-controlled
functions in fungi, three of these criteria at most
have been investigated for any specific function.
The ffilling of particular criteria must be con-

sidered doubtful in many cases because of pos-
sible lack of specificity of drugs used or criticisms
of studies of endogenous cyclic AMP levels. In
general, proposed functions for cyclic AMP in
fungi must be considered to be unproven.

Catabolism of Carbon Reserves
In many animnal cells, cyclic AMP appears to

have a role in stimulating the catabolism of
stored carbon reserves such as glycogen and
triglycerides. Consequently, one attractive hy-
pothesis is that cyclic AMP may also stimulate
such breakdown in fungi. In the case of glycogen
degradation in animals, cyclic AMP-dependent
phosphorylation activates (by phosphorylation)
phosphorylase kinase, which in turn activates
(by phosphorylation) glycogen phosphorylase
(120).
N. crassa glycogen phosphorylase has been

shown to occur in two different forms, desig-
nated a and b, which are catalytically active and
relatively inactive, respectively (50, 129). The
two forms appear to be interconvertible by the
phosphorylation-dephosphorylation process.
Under certain circumstances, cyclic AMP added
to an enzyme extract was reported to stimulate
the enzyme activity (129). In all of these prop-
erties, the Neurospora system resembles the
animal system. N. crassa is reported to differ
from the animal system in that cyclic AMP does
not influence the activity of the fungal phospho-
rylase a phosphatase (130). It is not clear
whether the fungal enzyme system resembles
the animal system by having a phosphorylase
kinase and cyclic AMP-dependent protein ki-
nase involved in the cyclic AMP effect; nor is
there evidence that in vivo fluctuations in cyclic
AMP influence the activity of the system.
Glycogen phosphorylase from C. macrorhizus

was also found to be activated by incubation in
vitro with cyclic AMP and ATP (150). The
activation required the presence of a protein
fraction containing cyclic AMP-dependent pro-

tein kinase activity. Glycogen synthetase from
C. macrohizus is inhibited by cyclic AMP (151).
The glycogen content in Phycomyces was low-

ered by exogenous cyclic AMP (140); no other
nucleotides were tested for such effects. In S.
cerevisiae, no simple correlation was found be-
tween glycogen degradation and endogenous
cyclic AMP levels (40). It is possible, of course,
that cyclic AMP may be one of several signals
influencing glycogen metabolism.

In S. cerevisiae, the enzyme trehalase is found
to be activated in vitro by a cyclic AMP and
ATP-Me2+-dependent process, presumably cy-
clic AMP-dependent phosphorylation (156,157).
The degradation of trehalose during incubation
of stationary-phase yeast cells in fresh medium
is correlated with cyclic AMP levels, suggesting
a cyclic AMP role in trehalase activation under
such conditions.

Mitochondrial Function in Yeast
In E. coli, repression by glucose and other

catabolites is thought to be mediated, in part, by
the lowering of cyclic AMP levels, and exoge-
nous cyclic AMP can partially overcome the
effect of glucose repression (for review, see ref-
erences 95 and 103). In S. cerevisiae, mitochon-
drial synthesis is repressed by high glucose
levels, raising the question of whether this glu-
cose repression might be mediated by cyclic
AMP. Fang and Butow (28) reported that ex-
ogenous cyclic AMP partially overcame glucose
repression of mitochondrial respiration. These
findings have been confirmed and extended in
several other laboratories (5, 12, 71, 79, 121).
This cyclic AMP effect extends to four mito-
chondrial enzymes (12, 79). The mitochondrion
is reported to have a transport system for cyclic
AMP (5) and mitochondrial transcription and
translation (12) and is influenced by cyclic AMP.
Ubiquinone-6-biosynthesis in isolated mitochon-
dria is stimulated by cyclic AMP (119).
However, cyclic AMP shares the ability to

overcome glucose repression of mitochondrial
function with other nucleotides such as AMP,
ATP, 2',3'-cyclic AMP, and guanosine 5'-mono-
phosphate (28), so there may not be a specific
cyclic AMP-mediated response. Furthermore, a
recent report suggests that cyclic AMP may act,
in part, by inhibiting the uptake of glucose into
yeast cells (121), i.e., cyclic AMP may influence
internal glucose levels. It appears to this re-
viewer that it will be necessary to investigate
the above-mentioned in vitro cyclicAMP effects
for their specificities and mechanisms in order
to ascertain the role, if any, of cyclic AMP in
mitochondriogenesis in yeasts.

Finally, it should be noted that glucose repres-
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sion of the presumably glyoxysomal enzyme,
isocitrate lyase in Candida tropicalis, is not
reversed by exogenous cyclic AMP (88). Glucose
repression of catalase induction in Kloeckera
spp. is not overcome by either exogenous cyclic
AMP or theophylline (175).

Utilization of Exogenous Carbon Sources
The possible role of cyclic AMP in activating

utilization of exogenous carbon sources has also
been studied. The evidence on this possible role
in fungi is equivocal, with some evidence sug-
gesting a positive role and other evidence indi-
cating no role or a negative role. Some of the
evidence is discussed in Are There Specific Cel-
lular Parameters Which Control Cyclic AMP
Levels?
The cr-I adenylate cyclase-deficient mutants

of N. crassa are deficient in their growth on
glycerol and several other carbon sources, and
growth on these carbon sources is stimulated by
exogenous cyclic AMP (73, 133). The mutant
grows quite well on certain other carbon sources,
such as glucose or acetate. These properties,
then, provide strong support for the inference
that the low cyclic AMP levels of these mutants
are responsible for the lessened ability to grow
on certain carbon sources. It is not clear whether
these observations reflect changes of cyclicAMP
levels within the normal physiological range,
because the levels in the mutant are well below
those found in the wild type (possibly zero). It is
also not clear what steps involved in growth on
these carbon sources are inhibited by the cyclic
AMP deficiency.

Several (carbon) catabolite repression-insen-
sitive mutants have been isolated in Saccharo-
myces, but no clear correlation has been found
between such insensitivity and endogenous
cyclic AMP levels (85, 109).
The influence of cyclic AMP on the activity

of several catabolic enzymes has been probed.
For example, exogenous cyclic AMP was re-
ported to overcome glucose repression of a-glu-
cosidase synthesis in Saccharomyces (167, 168),
but exogenous cyclic AMP did not overcome
glucose repression of 8-glucosidase induction in
N. crassa (26). Exogenous cyclic AMP was
found to both repress and inhibit /-glucosidase
in Mucor racemosus, but 5'-AMP, adenosine,
and adenine had no effect (7). In the Mucor
study, the effect of cyclic AMP was similar to
that of glucose rather than antagonistic.

Finally, the glucose transport system II of
Neurospora, which is repressed by glucose, is
normally derepressed in the cr-I mutants (93),
showing that elevated cyclic AMP levels are not
required for such derepression.

Developmental Studies

The possible role of cyclic AMP in develop-
ment and morphogenesis of fungi has attracted
the attention of several laboratories. Such stud-
ies are among the most difficult, because devel-
opment is such a complex and biochemically ill-
defined process. Even when convincing evidence
may be obtained for cyclic AMP involvement in
a particular developmental phenomenon, it is
difficult to determine if such involvement is a
direct or indirect consequence of cyclic AMP
controlling metabolism, cell surface structure, or
some other parameter.

In several species of Mucor, cyclic AMP is
postulated to produce yeastlike as opposed to
mycelial growth morphology (11, 70, 96, 98, 126).
The main evidence supporting this proposal is
(i) that there is a correlation between measured
endogenous cyclic AMP levels and yeastlike ver-
sus mycelial growth in M. racemosus (70, 98)
and M. rouxii (96) and (ii) that exogenous di-
butyryl cyclic AMP induces a transformation
from mycelial to yeastlike growth in several
Mucor species (70, 96). The lowering of the
nicotinamide adenine dinucleotide-dependent
glutamic dehydrogenase characteristic ofnormal
yeastlike growth is also produced by dibutyryl
cyclic AMP (99). Exogenous cyclic AMP added
to swollen spores ofM. rouxii is also reported to
produce yeastlike growth (96), but cyclic AMP
did not produce yeastlike morphology under
other conditions or in other Mucor species in-
vestigated. Two questions arise in this context:
does dibutyryl cyclic AMP act as a cyclic AMP
analog (see Exogenous Cyclic AMP and Its An-
alogs) and are the morphological changes pro-
duced by dibutyryl cyclic AMP more complex
than simply a transition to yeastlike growth
(63)?
The relationships between cyclic AMP and

morphology in Histoplasma capsulatum may be
opposite to that proposed for Mucor spp. (82).
In H. capsulatum, cyclic AMP levels are found
to be higher in mycelia than in yeast cells and
exogenous dibutyryl cyclic AMP converts yeast
cells to mycelia. The pattem in Candida appears
to resemble that found in Histoplasma (99).
Another possible developmental influence of

cyclic AMP is on conidiation and carotenoid
biosynthesis in N. crassa, in which two types of
evidence suggest a cyclic AMP role. The cr-i
adenylate cyclase and cyclic AMP-deficient mu-
tants tend to conidiate prematurely (131, 132),
and conidiation is suppressed by exogenous
cyclic AMP and its analogs both in cr-i mutants
(107, 131) and in the wild type (58, 144). The
levels of nicotinamide adenine dinucleotide gly-
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cohydrolase, which tend to be coordinately reg-
ulated with conidiation in wild type Neurospora,
is elevated in cr-i cultures and repressed by
exogenous cyclic AMP (64). Exogenous cyclic
AMP also lowers carotenoid synthesis (58, 144).
No studies have yet been reported on whether
abnormally low levels of cyclic AMP, such as
those found in the cr-i mutants, stimulate ca-
rotenoid biosynthesis.
Two facts should be noted about the apparent

effect of cyclic AMP on conidiation in Neuro-
spora. Both cyclic AMP and carbon sources
(142, 144) tend to repress conidiation so that
unlike in E. coli, these agents act in parallel and
not antagonistically. Secondly, conidiation re-
sponds to a variety ofmetabolic influences (143),
so cyclic AMP may be acting here through an
influence on metabolisn rather than directly.
The formation of sexual fruiting bodies is an-

other developmental control process which may
be influenced by cyclic AMP. Evidence for this
was first reported for C. macrorhizus, in which
exogenous cyclic AMP stimulates such fruiting
in certain strains and in which, when comparing
genetic variants, cyclic AMP levels appear to be
correlated with ability to fruit (145-147, 153).
Cyclic AMP may also stimulate sexual fruiting
in S. commune (113) and in other basidiomycetes
(49). In Neurospora, exogenous cyclic AMP in-
duces tyrosinase, an enzyme which tends to be
produced during sexual fruiting and catalyzes
the formation of the melanin pigment of the
protoperithecia and perithecia (31). However,
the cr-i cyclic AMP-deficient mutant does form
melanin-pigmented protoperithecia (unpub-
lished data), so cyclic AMP is not required for
either tyrosinase synthesis or fruiting in Neuro-
spora.
As mentioned above, it was recently found

that the mating factor in S. cerevisiae inhibited
adenylate cyclase from wild-type yeast strains
but not from an a-factor-resistant mutant strain
(74), suggesting a role of cyclic AMP in the yeast
mating response. Somewhat surprisingly, the a
mating factor inhibited adenylate cyclase from
a and a/a strains as well as the a mating type
strain, whereas only the latter strains normally
respond physiologically to the mating factor.
Endogenous cyclic AMP levels are found to

fluctuate during the cell cycle of S. cerevisiae
(163). It should be noted, however, that although
similar fluctuations occur during the cell cycle
of mammalian cells, they are not required in
mammalian cells for normal cell cycling (14).
Changes in endogenous cyclic AMP levels have
aiso been found during the life cycle and zoo-
spore formation in Blastochadiella (27, 53, 118)
and during spore germination in species of Blas-

tocladiella (155) and Mucor (97) but not in
those of Neurospora (106). Cyclic AMP levels in
S. cerevisiae were found to fluctuate during
sporulation (60, 162; but also see reference 40).
Exogenous cyclic AMP was found to have some
effect on glucose repression of sporulation in
studies of one group (136-138) but not those of
another (60).

Other Proposed Cyclic AMP Functions
and a Unifying Hypothesis

Several other proposed cyclic AMP functions
are listed in Table 2. In most of these cases, the
major evidence supporting a role is from studies
of the effects of exogenous cyclic AMP or of
drugs purported to influence cyclic AMP levels.
The studies of a possible role of cyclic AMP

in the phototropism of P. blakesleeanus by
Cohen and co-workers (15-19) have involved
several approaches. Cyclic AMP levels in Phy-
comyces were found to undergo a transient de-
pression on exposure of the cells to blue light
(15). Blue light was also found to activate both
the phosphodiesterase (18) and the adenylate
cyclase (19) of Phycomyces. The light effect on
phosphodiesterase might be expected to produce
the observed depression of cyclic AMP levels,
but the effect on adenylate cyclase would yield
the opposite response. A mutant strain with an
aberrant phototropic response lacked the light-
induced depression of cyclic AMP levels (16).
Thus, several types of evidence suggest that

TABLE 2. Miscellaneous suggested functions for
cyclicAP in fungi

Org0
A. niger

A. parasiticas

B. emersonii

Mucor, Neurospora,
and
Schizophillum

P. blakeskeanus

Saccharomyces and
Schizosaccharo-
myces

Possible function
Stimulates citric

acid production
Stimulates conidial

aggregation

Influence on
aflatoxin
production

Stimulates spore
germination

Influences
morphology

Mediates
phototropism

Increases cell wall
thickness

Changes Ca2"
distribution

Stimulates transport

Reference

1, 171

172

2

81

63, 84, 111,
112, 116

15-19

140

141

42, 102
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cyclic AMP may have a role in the light re-
sponse.
The diversity of proposed functions for cyclic

AMP in fungi confronts researchers with a bewil-
dering array of complexities. I would like to
propose a unifying hypothesis, which, although
largely speculative at this point, may serve as a
focus for future thought and experimentation.
The hypothesis is that cyclic AMP in fungi acts
to stimulate glycolysis and that many of its
effects are produced through such stimulation.
This hypothesis is consistent with the in vitro
studies which showed that cyclic AMP stimu-
lated breakdown of glycogen and trehalose (129,
150, 156, 157). It was originally suggested that
stimulation of glycolysis may be responsible for
its ability to stimulate citric acid accumulation
in A. niger (171) and transport in S. pombe (42).
In Neurospora, glycolytic activity is inversely
correlated with conidiation (143), so the pro-
posed effect on glycolysis may in turn produce
the apparent cyclic AMP inhibition of conidia-
tion (58, 144). Other proposed effects, such as
those on spore germination in B. emersonii (81),
may be indirect responses to a stimulation of
glycolysis.
Whether or not this hypothesis is correct, it

will be necessary in the future to examine com-
mon pathways of cyclic AMP action in analyzing
its different influences.
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